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•"dominated Lecture 
SMALL GAS TURBINES 

ByJ.R Weaviag, B.Sc. (Eng.), Ph.D., Wh.Sch. {Membery 



INTRODUCTION 
( Ta* AGO it was dear that in the aircraft field the gas 
• carbine had established itsdf for military purposes, id 
evai on the commercial side the reciprocating mgine was 
fast becwmi^ obsolete. It was, therefor^ natural to 
esamme how &r die turbine invasion could be espccted to 
paietrate mto the automobfle and smaU industrial fields. 
The advanc^ of light weight, paramount in the air, though 
desirable is less unportant for land appKcations, and there 
TO many miknown fictots and unanswered questions. 
What would happen to component effideades, particulatiy 
of compressors, in small sizes? ^ac operational advan- 
Qge and disadvantages does the turbine possess? And 
pernai» even more important commercially, how would 
the turbme compare in price with redprocadng units ? 

^ this lecture it« intended to define small gas turbines 
Ltmirr?^? 500 hp and, although this is an 
' " neverthdess proposed 

to conader mdustral as wdl as automobile mrfaine so that 
me subject of the lecmre may be adequatdy coveted and 
s^'^'"" with aU sm^ turbines are very 

^ °^ ^ problems could be assessed theorcdcaUy 

and It was mimediatdy dear that thermal effidcncy would 

^Jii^'"!? ^"^^^ automobile appUciions a 
coimdoable advantage over the piston engine lay in die 
■ couldoffer icdlent 

taquecharacterisacs gomg a long way towards providing 

fr„™T°*°''T?^°^'^°°' ^' ""Pi«i with freedom 
- ^^ T7rr'^^^°'' ^ ""^"^ °^ "bbing parts, pro- 
vided a strong mcentive. Neverthdess. only a IMtcd 
a«i«sment was possfcle theoredcafly owing to die many 
mtoovm factors, p^ticularly that of the effca of scale on 
compressor and turbme effidendes. For this reason many 
finos m many pans of die world fdt that the only way of 
omvmg at a sansfiictory solution would be to nAc smaU 

7^"^^^' the view in Great Britain 

of the Rover Company and die Austin Motor Company on 

^dJ^Ml on 7th 

' SSi?^"'*''* ^'-'^ Mocor Co. L:d, LongMige, 



^automobile sidc^and,mtfie small and medium industrial 
fidd. R«ton and Homsby and W. H. Allen and cS^ 
die Umted States of America, Chrysler and £dx^~ 
first in the automobile fidd. with AiReseardi andldaTS 
aircraft amhary and industrial appUcatioS (S^ 

• Mown and Ford (United States) enSe?S;ce^S! 
what later but with great vigour and rSur^ ^ 

The general outcome, however, of some 10 years' de- 
vdopmeat is diat the turbine has failed to make th^Si 
c^u« on land that it has done in the a^tutSS 
SS^Sr^ ^ Jnto certain appHcarions where its 
actenstics are especially appropriate 

It is proposed, therefore, in this lecture first to look at the 
namre of the problen^ secondly to consider the v5om 

SSS'^'Sd^!, the firms LTS^^ 

entered dus fidd, and finaBy to examine in ereata- J^n 

m die diction of component effidendes. It is bS 
^^o^^"^'^'' --P-^ ^ ^^cal of 

fi,iw£f^' — ^ ^"^^ to utilize to die 
fiiU the basic simpbaty of the turbine by using a simple 
cyde widi. as high a temperature as drcuistan4, suS 
pnce and available materials, wiU aUow. Fud conslimption 
m most of die orly umxs was very high but experience was 
not wasted as ^ey demonstrated tiie possibilities of die gas 
turbmt^ m addiaon tiiere are many industrial appUcatilns 
where fiid consumption is unmaterial, sudi as mergencv 
dectnc gea«anng sets, fire pumps, etc. To meet appUca- 
nons where fiiel consmnpnon is important many comp^es 
have devdoped heat exchangers. 

In order to make an assessment of die various approadies. 
It IS desirable to examme die dicorcdcal backSound. A 
smiple cyde widi and widiout heat exchanger will serve 

Typical component effidendes for small gas turbines 
have been assumed and are given in Appendix I 

The temperanire of 800'C (Wl'F) has been ^dected as 
typiaJ for mdusmal usage, where a reasonable life is re- 
quired mth a large measure of fidl-Ioad running. Figs 1 and 
2 show die dfea of pressure ratio on diermal d&dScl Sd 
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fuel consumption rcspccdvdy for fuU-load conditions, 
widiout heat exchanger and with a heat exchanger of thermal 
ratio ^varying from 0-6 to 0-9. These are considered to be 
the limits of pracrical heat-exchanger designs. Below 0-6 
they would be scarcely justified and above 0-9 they become 
too heavy and bulky. The immediate points that emerge 
are that a heat cxchai^ is necessary for high thermal 
efficiency and, secondly, widx a heat exchanger high 
pressure ratios are not required. With a 0-9 thermal ratio 
heat exchanger a pressure ratio of 3-5 gives a full-load 
efficiency of the order of that obtainable with a diescl 
engine. 

It will be further observed that even with a 12/1 pressure 
ratio, where a heat exchanger shows no advantage on full 
load, thermal effidendes are still unacceptable for most 
purposes. For part-load conditions the heat exchanger, 
however, would still have value but could scarcely be 
justified on cost as a two-stage centrifugal or multi-stage 
axial compressor would be required to obtain this pressure 
ratio. 

With the same assumptions, a 0*8 thermal ratio 
heat exchanger. Figs 3 and 4 show ±c improvement tiiat 
could be gained with h^cr temperatures. These dearly 
demonstrate the incentive to devdop materials for a turbine 
to accept temperatures of 1000**C (1832^F). 

If it is wished to dispense with the heat exchanger, and 
most people who have devdoped heat exchangers would be 
very glad to do so, the alternative is high pressure ratios and 
temperatures. Calculations, however, show that a pressure 
rano of 14/1 and a temperature of 1160X (2120**:^ would 
be required to obtain a thermal cffidency of 28 per cent 
with present component effidendes. In calculating this 
temperature the compressor efficiency has been dropped 
to 76 per cent as it is believed diat it would be impossible 
to obtam 80 per cent with present technique at rfiis high 
rano m± smafl air flows. Itwinbedear,riicrefore,thatfor 
lu^ effiacacy a heat exchanger is unavoidable. At first 
sight It might be considered that for part loads a heat 
exchanger would be essential even with this high tempera- 
ture but Fig. 5 shows tiiere is Utde to choose between xbc 
moderate-temperature heat-exchanger unit and the very 
high temperature no-heat exchanger unit. Neverthdess, 
a heat exchanger would show an additional advantage under 
low-load conditions, even in the high temperature case, 
beciuse with the lower speeds for pan load, compressor 
ouUet pressures and temperatures are lower and, if the 
compressor characteristic would allow the maintenance of 
a fairly high turbine inlet temperamre, use could be made 
of the exhaust to heat die air after compression, as a 
sufflacnt temperature difference would tiicn exist. 

It will be appredated from the above discussion that die 
sdection of one system as being preferable to all others is 
impossible. As in most problems of engineering, the best 
solunon to a particular application has to be dedded as a 
compromise between several factors, in diis case effidency, 
rciiabihty and cost being the prindpal ones. It is doubdess 
tor this reason that the approach of various firms has been 
oifferent; in many cases this is desirable as it has promoted 



ODmpcrition between the different lines of approadi, no 
doubt to the benefit of die devdopment. 

APPROACHES BY VARIOUS FIRMS 
Table 1 has been compfled showing, in general, the latest 
engmes of most of the companies whidi have produced 
smafl turbmes, driier experimentaUy or as production 
umc. The two-shaft turbines are listed first. Most of these 
are for automobile purposes, though a group of engines are 
primarily for aurcraft but many of diese have been adapted 
to suit vehides. These are foUowed by the single-shaft 
mdustrial machines. 

Compressor and turbine effidendes are maytTn itm values, 
which do not usuaUy correspond wixh the maximum pres- 
sure rauo. Some reservations should be made with regard 
to die wdghts .quoted. These indude reduction gear and 
accessories but these can differ very much for the different 
applications. The figures should therefore be only used ar 
a guide. In die descriptions following, the engines are nol 
described m detail but an endeavour has been made to 
highlight the main aim of die design and die unique 
feamres incorporated. It is hoped that witii these short 
desciptions, illustrations, and Table 1, an adequate 
assessment of each unit can be made. Greater detail may 
be found from the references. 

Austin Motor Company 

The Austin Motor Company first looked at the possibiliQr 
of small gas turbmes, prindpally for automobiles, in 1949, 
when a design for a 120 hp unit was commenced with the 
sole idea of finding its potentialities. As die space available 
for a heat exchanger was not large it was dedded to use a 
design which would give a fairly high pressure ratio if 
required. The unit is described fiiUy in an A.SJ^. 
paper (i)* and is shown in Fig. 6. 

It consisted of a two-stage centrifugal compressor driven 
by a diree-stage axial turbine followed by a single-stage 
power nirbina A single combustion chamber was used and 
a small matrix type cross-flow heat exchanger was in/ 
corporated to improve fud consumption. The unit was' 
installed in a modified 'Sheerline' car, which was tested in 
1954. This experiment gave experience of the turbine in a 
motor vehide and highlighted die advantages and dis- 
advantages which are now well known. The advantages 
are smooth torque necessitating only a simple automatic 
transmission, fircedom from heavy vibration, high specific 
power, no rubbing and wearing parts, easy starting, and 
die ability to use any distillate Ted. The main difficulties 
were high fud consumption and the comparativdy large 
amount of time needed to accderate the gas generator 
making snap pick-up difficulL The experience, however, 
gave confidence diat the advantages of die turbine made its 
devdopment imperative, but at die same time showed thar 
there was a long way to go. 

A policy was dicrcfore dedded upon that would advance 
die devdopment of the turbine but at the same time give 
prospects of a finandal return in the near future, namdy to 
♦ A numerical list of references is given in Appendix IL 



SMALL GAS TURBINES 



5 



Q 



SIS 



G 



a 

•5 

I 

««« 

•1 

I 



1 



I 



•Si 

a 



X 


1 


O 
»n 
X 

iri 
X 

Ok 


1 


in 

r* 
m 
X 

^ 


X 

X 

in 


X 
o 

X 


m 
in 
X 
m 
m 
X 

00 

n 


X X 
co<s 

XX 
oo 


X 

2 1 

X 

s 

CI 


X 
o 

M 

X 
o 
«n 






in 




cb 


n 


s 


»n 
in 


in 


Mm 
« — 


in 1 
^ 1 


m 




s 

Ci 


o 


m 


i 


Oi 


o 


o 
c« 


mm 
i^m 


5 1 


Ok 

m 


u 
m 
c 
■ 

u 
M 
«* 
























m 


«l 

a> 

H 


9 

2 


o 
Z 


o 
Z 


o 
2 


o 

z 


o 
Z 


o 

z 


0 o 
2Z 


o o 
Z Z 


o 

z 


Com- 
buiilon 
chamber 


> 
ai 


> 

u 

OS 


a! 
o 


J) 
u 

fi 


.a 
5 


> 

u 
OS 


> 


> > 
ax 










in 


« 




I 




^ 


«nea 


! 1 


r» 
in 




M 

o> 
n 


r< 

o« 

CI 


M 


in 


s 

M 


*n 


1 


mm 
▼ ^ 


1 i 






s 


8 


o 


o 
m 

CO 


O 

«n 
o 


m 
o 
r- 


1 


oo 
oo 


i 1 


o 

00 

e* 


J 




1 


1 


1 


1 


1 


1 


1 


1 1 


1 1 


1 


3 

w 

4* 

i 


• e 
S"26 

2 a > 
^ • g 


1 


1 


1 


1 


1 


1 


1 


II 


1 I 


1 




*• 

w 
M 


1 


I 


1 


I 


1 


1 


1 


1 1 


1 1 


I 


O 

e 
5 




1 


1 


in 

00 


o 

00 


oa 


1 


1 


1 1 


1 1 


1 


s 

5 

Q. 

E 


u C 

a> 


s 


1 


O 


i 


1 


s 

00 

5? 




11 


i i 


§ 

m 


«• 

V 

» 

m 




? 


in 


? 




? 


% 




* S 


X 


%m 




1 


I 


o 

CO 


m 
r* 


m 
c* 


1 


1 


1 1 


1 1 


1 


O 
«• 
W 

a 
6 


«» 

2.2 

55 

a. 


•o 

CI 


in 


in 
«n 


p 
in 


in 


1 


1 


Mm 


ep p 
c( in 


M 




«■ 


U 


V 


O 


V 




V 


v 


vv 


V V 






o 


m 

<s 


o 


c* 


a 
m 


o 
«n 


s 

d 


oo 




o 

00 






<• 


M 


1 




1 






1 1 


•a 


5 


•a 
c 


e 


•a 
e 




< 
e 


< 

•a 
a 


f3 


c e 


e c 


e 


«* 

e 


.at 

O 
•o 
m 
a 

u 

< 


< 


o 
■S 
3 


w 

VI 

Q 
o 
3 
< 




win 
vol 

<a 


"a, 

So 


oo 

w w 

> > 

O O 


a 

i B 

1 2 
a a 


M 

3 
u 

Q 



CO 

c ^ > 

5 5S ... 

S «j o 5 s w 
< a w 



a 
s 

< 



8 im 



• 1 

in 



a 
z 

o 

cs 

!.! 

O -3 I 
M o« ^ 

SI .-s 

8 o<as 



2 .-Q 

«5 



yf^A& of operation wh^ the tnrbme had obvious 
y^azBO^ Fuel consmnprion beiog the major difficulty, 

• 2 r ^^l- ""^'"^ g» turbine, described later, 

designed for this purpose. The second stage in this devdoj! 
^^^^^^l^ wiU be d«^on of a h<S 
«cton^ and finaHy it is proposed to modify the unit by 

vehxcte. xailcar,, and off.road'^<£ bei^ 

cSSLferlSn-^ mtercstmg one^ developed under 
SSt^^s'^S^"" "'^'^ ^ Turbines of 

.WW Jf awarded to encourage Industry to 
^esngate the po^T,ilities of very smaBgi turSuS 

( S ftS^. '^'^ To obtain re»on- 

SdS^f ^""^n^ ^ that of competent 
efflaenaes of such smaQ units. Esdmates w«e madLott- 

SSfoCSl'^" by an iaward-floS S 

ttrt^oUowoi by a two-«age axial turbine (Kgs 7 and 8). 
rf^nf "^"^ stages was to minimize the difficult 
rfifismg and ducting from the comparatively small^ 

an axial mrbme. The outside diameter of each 
T^^i^'^y 5 nu and that of the radial turbine 5*6 in. 
«r«^!r^ ««bine would have involved 

ZT^tS'^ «ldirional losses aS 

« S^t S« i'a'S^ of having the shafts of the turbine, 

tS / compact design were to be achieved. 

The um^, after some development, realized its 30 h^ at 

■ 2. Austin 30 hp gas turbine, des^ target 
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"owet output 

inlet tenvcrature 
Mass flow 
Fuel 

consvanpxiojx 
C^^siagte^gec«tri£agal) 
Adiabatic efficiency 

C<^«r (single^ge iaward flow 

Pressure ratio 

Pow«r airbm4 (two-stage a»al^ 
Pressure rado 

SS.Ste' (crou-flow recupentor) 

Hffidency 
Pressure drop 
Reduction gear 
Ratio 

Output speed 
Effidency 



• Ar<w AfiVriifry of Aviation. 



30 hp 

80O'C (1472''F) 
0-85 lb/sec 
0-79 Ib/bhp Jj 

3-0 

74 per cent 



80 per cent 
2-08 

75 per cent 
1-34 

0-7 

4-5 per cent 

98 per cent 
4 per cent 

6-95/1 

3600 rev/min 
95 per cent 



^ design speed of 56 000 rev/min, but the target for fuel 
fonaaaption proved more difficult, largely d^ l«t^ 
«^<^flow he« e^hanger ^d SltZo^^, 
design effiacncy with the power turbine- Tmrk . 
^mbp± between the'power'^^^^ 
&w ndial compr^or turbine. Although the conSS 

^^^^ ferther development has cSurf 
and diese difficulties have now been largely overcom*. fi»j 
consumption of 0-85 lb/bhp.h being obS TlSs^ 
not, of course, as good as its redprocadng a^if b " 
the heat exchanger is of only moderate Le^S^oS 
^tS "TT^ ^ ^« temperanire could ^ 

d«gn has proved to be mechanically so^ 
F *^™°o« have been estimated,^ 

£s teS^ilS^ production and materials. UnS this 
Has been achieved, m the author's opinion, the turbinZ?, 

NCTertfadess, the conttaa has shown that suS^TSk 
qmte a practical proposition and 4el^<^ 

Rover Company 

S*^^^^^ made newspaper headlines on being 
2. donoustrate a vehicle powered by a gas turS 

m 1950 pus company was chosen by the AiLis^tobSd 

oiir^wl^?'^ ^ turbinVexperie^^ 
October 1961 (2) they announced their latet 
car^ with the new 2S/140 turbinel,^ 9?^'= 

the^So^'" "^J^ ^ thlSy^'dS in 
the adopnon rfan mward-flow radial turbine to drive the 
c^»«or The turbine is a precision castii^ 
ba^.to*ack with the compressor. The gas«L .S 
from the ^e of the radial turbine to a sSlMtagelS 

S^^r°f "^J?""*" ^ ttansmSteigh an 
epicychc forward/reverse gearbox. « 

achangcrs are recuperators of the primary 
surfece type and give a thermal ratio of appro^mS 
78 per cent at full load resulting in a very cSitabkS 
consun^ under diis condition of 0-59 Ib/bhp h. 
rJi^I^ Company has made great efforts tb'minimize 
the difficulty of the acceleration of the gas generator sarion 
of die mrteie. and to do this they have'l^S fo/S 

idhngspeedandmreducethefudconsumptiSundLt^^ 
condinoas Uuy have made provision to reduce the swaSw! 
mg aqpa^ of d« mrbine. This has been dev^ly^I. 
pkshed by pre^^l vanes at the entrance of the coLpSSr 
which are pivoted to give two positions, one for fiSl-load 
-n^&«d die odier to tiirotde die compressor forTdTg^ 
In like manna die compressor nirbine is matched by tw£ 
posmon nozd« feeding die inward-flow radial t^Zc- 
the nozzles of die aial nirbine are not movable. The i^^ 
speed IS 40 000 rev/min and die speed has to be k=S 
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to 65 000 tw/mia for the m rated pow«. In ^^J° 
accderate ftom idling the turbme is opened up to ns tuu 
area position to ffve nuadmum speed and torque. 

Chr^^sler Corporation 

Chrysler (3) was the first American company to produce 
an automobile gas turbine, starting serious invesoganon m 
1947. They have always realiied the necessi^ for a heat 
eschanger, and were the first to adopt the Rrtz .^P*. f 
rotary regenerator widi which they ha:ve made considerable 
progress in development. Their theme has been the amp^ 
unit consistent wiA efficiency and thus th^ have adoptea 
a layout of a sin^e-stage centrifugal compressor one anai 
compressor turbine rotor, one asial power turbme rotor, 
one combustion chamber, and one heat eschanger. aeariy, 
no further reductions are feasible without going to a sm^ 
shaft unit, which would need a complicated txansnussion 
to be suitable for vehicles. . t « 

A 120 hp engine of this basic design powered the first or 
across the American continent ftom the Atlantic to flie 
Pacific in 1956. ^. . . 

Their latest engine, the CR2A (4), is the third de^ 
produced over a long period of extensive component de- 
velopment and it has been eshibited in a fiinmstic ca, tne 
Turboflittf, in the 1961 Paris, London and Tunn Motor 
Shows. This unit Mows the basic design of its predecessors 
but inaeased efificiency has been achieved in att die major 
components and, in addition, it accepts a shghtly hig&er 
gas temperature of 920«C (1688T0- It ^ ?^ ^'l 
the layout (Fig. 10) is a compaa one with a minimum 01 
ducting. A unique feature to increase the effiacncy ot tte 
ami power turbine over its large operating noS« ?y 
is the incorporation of movable nozzle blades to feed tnis 
rotor. Turbine blade angles are correct only if the rano ot 
gas vdodty and blade vdodty remains constant. In auto- 
mobfle appUcarions it is desirable to be able to run the power 
turbine ftom stall to its masimum speed so that the trans- 
missioa system is simplified, the only requirement bemg a 
reduction gear and a forward/reverse gearbox. However, 
although turbine blades will accept a certam amount ot 
negative and positive inddence with only small loss 01 
cffidency, dearly at very low speeds there is a consideraoie 
divergence from the optimum and consequently heavy loss 
of effidency. One method of mitigating this condinon is 
to use a two-speed ot multi-speed transmission thereUy 
limiting the normal range of power turbine speeds, except 
for the starting condition. Chrysler has designed to obtam 
the optimum conditions without change-speed ge»s oy 
pivotii^ the nozzles feeding the axial-power turbine. There 
are 23 blades in the variable pitch assembly and they are 
set automatically to meet the varying conditions ; by t«™ns 
the nozzle blades to an extreme position es^e bratang 
is also obtainable. The action of opening up the nozzles 
from a predetermined position will inaease the area of 
flow and thus the pressure drop, and hence the work, m tbe 
compressor turbine; this will improve the accdenw>n ot 
the gas generator and reduce the time for making suffiaent 
power available to the power turbine for qmck vehide 



accderatioxi. AddidonaUy^ throttling the output reduces 
the swallowing capac i ty of the unit and helps to maintain 
higher gas temperature at lower loads and can thereby • 
improve part-load cffidency. However, many of these 
improvements are mutually exdusive and Aough Ixrde 
detail has been published doubdess a compromise has had 
to be t n^'^r^ to obtain the best overall improvement. For 
f n^tanr^j pivoting the no2zle blades while improving the 
inddence of the rotating blades is liable to produce worse 
conditions of inddence on the leading edge of the nozzles 
if a large angular movement is required* Again^ throttling 
the outlet of the gas generator is limited as it will ultimatdy 
cause the compressor to surge. The Chrysler Company is, 
nevertheless, to be complimented on taidng a bold step. 

On the heai exchanger side die devdopment of a re- 
generator of 90 per cent thetmal ratio widx a 4 per. cent 
leakage is a good achievement if it can be sustained fos z 
satis&aory iSe. ^ 

Ford 2M[otor Company (United States of America) 
The National Gas Turbine Establishment (5) perfijrmed , 
a senes of performance calculations considering die various 
ways in which the components of multi-stage gas turbines 
could be arranged. From these calculations it can be seen 
that a three-shaft <^gT"g with separate low and high 
pressure secdons, heat exchanger, rdieat, and iotercooling, 
would be suitable for vehide operation. This, however, 
seemed to lose the major advantage of the gas turbine, 
namdy simplidcy. Subsequendy, however, the Ford Motor 
Company after TnaTring their own calculations (6) d ed ded 
that die probable gaim in fiid consximpuon would outweigh 
the complicanons' and they are to be complimented on 
producing prototypes of whiat is perhaps the most interest- 
ing small turbine yet produced (7). Calculations showed 
that a considerable advant^e in part-load ectmomy could 
be achieved by having the power turbine as an intermediate 
stage between high-pressure and low-pressure whctls. 
Calculated fuel consumption curves are shown in 11 
for two positions of power turbine together with a ran* 
vcational heat-exchanger layout. The unit consists of two- 
separate spools and may be considered as a turbocharged 
gas turbine. The low-pressure spool consists of a single- 
stage centrifugal compressor driven by a two-stage axial 
turbine, ^supercharging^ a small single-stage centrifugal 
compressor cast integrally with an inward-flow radial wr- 
binc and run at 91 800 rcv/min. Intercooling is provided 
between the compressor stages to reduce the power require- 
ments. After compression the ait passes through the contra- 
flow heat exchanger of the recuperative type and dien to 
the first combustion chamber. After passing through the 
inward-flow radial turbine the gases enter a second com- 
bustion chamber where they are rdieated to the same inlet 
temperature as the high-pressure turbine before entenng 
the power turbine. The power turbine in turn discharges 
to die low-pressure turbine driving the first-stage cenm- 
fugal compressor. 

There are no no22dcs bccweea these two turbines, 
rotate in opposite directions. The intercooler is cooled oy 
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atmospheric air which is drawn through the matrix by an 

The pcrfonnance so far published states that 247 hp has 
. been attained at a turbine inlet temperature of 930*0 
(1706*F3. 

The turbine unit is a masterpiece of compaa economical 
design as will be seen &om Hg. 12 and the dimensions and 
weight in Table 1. 

General Motors Corporation 

General Motors joined the race in 1953 with a simple 
300 hp vehicle unit without heat exchanger, from which 
they have developed, through one or two 'marks*, their 
present GMT/305 turbine with rotary regenerator. A few 
of these units have been produced by the Allison Division 
as prototypes for various uses in a variety of difforent fields, 
from motor boats to off-road trucks (8). 
x-'x The unit (9) consists of a single-stage centrifugal com- 
.o>ressor with chaimel-type difiSiscrs, driven by a single-stage 
aaal turbine followed by another single-stage power 
turbine on a separate shaft which drives the transmission 
through the reducrion gear (Fig. 13). 

The outstanding features of the General Motors turbine 
are the high inlet temperature and regenerative heat 
exchanger. The high temperature is made possible by hav- 
ing extended roots and fir-tree fixii^, as in aircraft practice, 
with disc cooling. In spite of this effect some blade fetigue 
feflures were experienced in prototype testing (8). 

The me c hanica l construcdon is outstanding in the almost 
complete diminario n of ducting achieved by allowing the 
compressor to discharge into a pleniun chamber which 
houses the two rotary regenerator drums. These are built 
up of layers of porous material alternating with ^^^^ metal 
plates, the whole being contained between two solid rims 
ia the form of two annnli. Two *window-frame'-type seals 
divide the drums into arcs of and 5 of the circumference 
for compressor inlet-air and exhaust-gas discharge re- 
spectively. The oudet air after passing through to the inside 
')£ the drum flows directly into the combustion chamber 
without ducdng and thence to the compressor turbine. 
The turbine exhaust flows into the low-pressure side of 
the heat exchanger and radially outward through the matrix 
to the exhaust. The drums are driven at approximately 
1/1000 of the turbine speed. The scab are movably mounted 
and positioned by two rollers on each regenerator rim, 
thereby allowing drum expansion while maintaining a 
constant clearance. General Motors Hatm a clearance 
leakage of less than 5 per cent The prescxit thermal ratio 
is 0-86 but they have units of 0-9 ratio on test. Fuel con- 
sumption is shown in Fig. 14. 

This compaa design though commendable in many 
respects does make diffusion after the power turbine 
virtually impossible and thus there is a loss of kinetic head. 
This is to some extent compensated by using a low axial 
velocity in the design. 

Boeing Airplane Company 

The Boeing Airplane Company was early in the field with 
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a two-shaft automobile turbine which they installed in a 
commercial vehicle with a conspicuous measure of success 
and, though unable to equal diesel engine ftid consump- 
tions, diey do daim that overall rxinning costs need be no 
greater (xo). The latest vehicle application has been to 
propel and supply power for pumping units for two fire- 
fighting vehicles, one for Seattle and one for San Francisco. 
Their philosophy of simplicity and light weight has been 
adopted, no doubt, because they have been concerned 
mainly with aircraft applications. In this coimection Boeing 
units have powered a large number of aircraft and heli- 
copters with conspicuous success, including the setting up 
of an altimde record for this class of turbine of 37 063 ft in 
1953. The aircraft applications, with the philosophy of 
light weight, have prohibited tiie use of a heat exchanger 
and, to obtain an acceptable fuel consumption, Boeing 
have done considerable research into increasing the pressure 
ratio obtainable from the single-stage centriftigal compres- 
sor. The 502 scries has a pressure ratio of 4-3, the com- 
pressor being driven by a single-stage a^'gi turbine and 
feeding a second free single-stage axial turbme through 
two combustion chambers. 

Very considerable dcvetopmen^ encouraged by the 
United States Government, is to be seen in the latest 520 
series (ii), where an even more remarkable achievement 
in pressure ratio for a single-stage centrifugal compressor 
has been realized with a ratio of 6-5. Stresses at this peri- 
pheral speed are very high and to obtain a symmetrical 
stress distribution a double-sided impeller is employed, 
similar to a Whittle compressor. 

An inward-flow radial turbine drives the compressor 
(Fig. 15), and this is one of the largest turbines of this tjpt 
in production. The Sect power turbine is g^ai as in the 
502 series. 

The rotor assembly is stiff and runs below its first critical 
speed; it is supported by three slipper-type journal bearings 
and a slipper thrust bearing. These bearings, which build 
up a hydrodyoamic oil film as in a Michell thrust bearing, 
are a special feature developed by Boeing and preferred to 
the more usual ball-and-roUer types. In this design the 
combustion chambers have been brought doser together, 
allowing a short cross-fire tube. The whole unit is very 
compact and has a small firontal area, malgtig it very suitable 
for aircraft. Industrial and vehicle applications, however, 
are also contemplated. 

AiResearch 

The model 331 gas turbine (Fig. 16) is the first vehicle 
turbine to issue from this company, which had vast 
experience in light-weight auxiliary units (see below). It 
is also the latest automobile unit to be announced from the 
United States of America. Although full details have not 
been published it appears to be a good example of the com- 
promise between a high-pressure-ratio no-heat-exchangcr 
unit and the low-pressure-ratio heat-exchanger unit. It 
uses a moderate ratio of perhaps S/1 obtainable with a two- 
stage centrifugal compressor driven by a two-stage axial 
compressor turbine followed by a single-stage axial-power 
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turbine. The air after leaving the compressor makes a 
double pass through a cross-flow matrix-type recuperative 
heat exchanger, the exhaust side of which is single pass. 
The estimated fuel consumpdon of Oo Ib/bhpJi at fuil 
load is quite good. The unit is also to be made available 
without a heat exchanger. In this form the fuel consumpaon 
is 0-6 Ib/bhpJi at M load, which indicates high turbme 
inlet temperature and component efficiencies- Pan-load per- 
formance will, however, M off without the heat exchanger. 
In the model 431, also reccndy announced, the two-stage 
compressor is driven by an inward-flow radial mrbine with 
a second (free) radial turbine for output powff . This most 
interesting unit has variable-area power-turbme no2zlcs 
giving improved part-load operation and a reverse without 
gears. 

Blackburn Engines Ltd 

Blackburn Engmes Ltd manufacture a series of engines 
under licence from Turbomeca, France (X2). These 2xt 
largely used for light aircraft and helicopters and as air- 
bleed turbines for starting large jet engines. The *Turmo 
60y is the most appUcablc engine for consideranon in tbis 
lecmre as it is a two-shaft machine and is available tor 
industrial purposes. However, aU die units follow ^e same 
basic design and are of light compaa construcuon (Rg. IT)- 
The stiff rotor assembly is worthy of note, as is also the 
centrifugal compressor with its long inlet guide vanes, 
whidi has been the subject of considerable dcvclopmait. 
One of its unique features is the annular combustion 
chamber, which is both shon and contained witiain the 
contour of die centrifugal compressor, and diiis Tnninnms 
the frontal area at a minimum, an important factor for 
aircraft usage. Also unique is the fuel injccdon system. 
Fuel, fed from die front of die engine dirough xhc auxiliary 
gearbox, passes along the axis of the compressor rotor shatt 
until it reaches the plane of the annular combustion chamber 
where it enters an assembly inside the large-diameter rotor 
shaft is finally ccntrifuged out through fine holes 
drilled in this component. It will be appreciated diat com- 
bustion differs from tiiat in any otiicr type of diamber m 
that the flame is truly ^t^tiiiiar and spreads very httle m tUe 
a^al direction* 

Fiat Motor Company 

Fiat Motor Company (13) have made an experimental 
automobile mrbine of 290 hp and have adopted a poUcy, 
similar to diat of Boeing, of endeavouring to obtain reason- 
able fiiel consumption witiiout heat exchanger. However, 
die pressure ratio of 7/1 has been obtained by a more con- 
ventional two-stage centrifugal compressor driven by a 
two-stage axial turbine. This has a weight penalty but, as 
it was not designed for air use, its weight is, in fact, by land 
standards very good. Charaaeristic features are die two 
parallel combustion chambers on top of the engine and the 
compaa method of combining the transmission, including 
the differential xde drive, in the turbine casings. 



Daimler*6enz 

The litde that has been published on the Daimler-Benz 
unit is shown in Table 1. It will be noticed that an axial 
stage of compression precedes the centrifugal compressor, 
no doubt to increase the pressure ratio a Ktde for a no-heat 
exchanger unit. The fuel consumption quoted is surprisingly 
good for a turbine inlet temperature of SWC (1472*'F). 
There is also a heat cxdianger version of this engine under 
development, of the rotary regenerative type. No figures, 
however, are published. 

INDUSTRIAL GAS TURBINES 
Examination is rnaHg die more interesting, albeit more 
complex, by the fact that in the range of 250 bhp and above 
no two designs are identical, even in the s e l ecti on and 
arrangement of the major components. It is therefore pro- 
posed to look at the Austin unit first as the author is obviously, 
more ^tniliar vdth tins and, as with the review of the. 
automobile units, the aims and high lights of other ooxn* 
panics wiU be observed. 

All die rn^^w^yrial units in this section axe single-shaft 
marbmffl. 

Austin Motor Company 

The 250-bhp unit (14) is a single-shaft machTne ootisisting 
of a single-stage centrifugal compressor driven by a two- 
stage axial-flow turbme (Hg. 18). The d e s ign philosophy 
has been to make a unit that is robust withotit bdng unduly 
heavy. For this reason aluminium castu^ have been used 
wherever temperature will permit; this includes the gearbox 
and compressor castings. A pressure ratio of 3*5/1 was 
chosen as the TnaTimtim desirable for a singile-stage com- 
pressor from die standpoint of stress. A two-stage turbine 
was sdeaed from efficiency consideradons. Constam- 
secrion blading has been used as the deviation from free- 
vonex blading is not great with the hub/tip ratio employed 
in this design. It does of course materially reduce the cost 
of the forged and machined blading. Stresses necessitated 
a fir-tree root fixing if separate blades were to. be used. 
Under the conditions of stress and temperature prevailing, 
Nimonic 90 is adequate for a life of 5000 hours under full- 
load running conditions. The turbine unit has a single 
combustion chamber and fiiel system supplied by Joseph 
Lucas Ltd. One of die unique features of the fiici system is 
the combined sprayer igniter in which the atomized spray 
is ignited by a hi^-energy spark close to die base of die 
conical fuel spray (Hg. 19). 

A rotor assembly with an overhung turbine rotor was 
adopted to aUow for die easy addition of a free axial-power 
turbine for vehicle purposes in a later stage of development. 
Calculations and previous experience had shown die need 
to keep clearances on both the compressor and turbine to 
a minimum and for this reason it was decided to run the 
turbine entirely below its first critical speed; this necessi- 
tated a stiff rotor construction (Fig. 20). A combined 
journal and thrust race is used at the compressor eye and 
a roller bearing in front of die mrbine. The whole rotor 
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Fig. 4, Effect of turbiiie inlet temperature on fuel 
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, , engiiie with heat ^changer, thcnnal^^ 

0-8, desiga point prcssiire ratio, 3-5; design point Tmax 1073 x 
(1931^^); design point compressor effidency 80 per cent; turbine 
efficiency 35 per cent. 

Curve 2 ^ engine -without heat exchanger; d«ign point 

pressure ratio, 14^); design point Tmax 1433*K design 
point compressor efficiency 76 per cent; turbine effiacncj 85 per 
cent. 

Fig. 5. Theoretical comparison of heat-exchanger tmit mth 
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Fig. 7. Amtxn 30 hp two-shaft tterbtM 




Fig, 6. CrosS'Secticn of Austin 120 hp vehicle turbine 
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Fig. 10. Chrysler CR2A turbine wdt 
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Fig. 13. Gateral Motors GT30S WMrlfire engtTse 
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Fig. N. General Motors GT305 fuel consumption 
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Fig. 15. Boeing 520 mo-sh^tgas turbine a^ine 
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Fig. 19. Austin 250 industrial gas turbine^ Lucas sprayer 
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Fig. 20. Austin 250 industrial gas turbine^ rotor 




Fig. 21. Austin 250 industrial gas turbine^ taith heat exchanger 
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Fig. 22. Sectional carangemsnt of Allen 350 kWgas turbine 
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Fig. 24. Rusion and Homsby TE 300 kW gas turbine 
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Fig, 28. Budzsorth ^BrilP industrid gas turbine 
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Fig. 3L Overall characteristic Rolls-Royce 'Dart* 
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Fig. 36. Compressor charaeteristic Boa'rtg T.60 compressor 
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F^. 37. Allen 500-kW axial flow eompresm rotor 
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Fig. 41. Austin heat exchanger rig 
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Fig. 42. Gas inlet face of Austin 30-hp cross-flozo heat exehcnger bio A after endurance test 
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Fig. 43, Austin 250'hp rotor vibration characteristic 
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assembly is held togeiher by one central bok which is 
carefully prestrcssed. 

The gearbox consists of two sets of double-helical gears; 
the ratio of the second pair of gears may be varied to sxiit 
difFcrcnt applications. All au^iarics are driven off the 
layshaft. These include a simplified piston-type fuel pump 
combined with a centrifugal governor developed by Joseph 
Lucas Ltd, a gear-type lubricating pump, and an electric 
starter which drives through a sprag-type free whecL 

To convert the unit to the contra-flow heat-eschanger 
version requires new ductix:^ and a double-entry combustion 
chamber but all other changes are minor (F^. 21). 

W.H. Allen 

The Allen 350 kW (15), designed probably a litdc before 
the Austin turbine, though double the power output, is 
perhaps the unit bearing the closest resemblance (Fig. 22). 
I^^th use the same major components but, while Austin use 
. * an elbow combustion chamber the Allen is a reverse-flow 
type. This is probably more compact ±ough it requires a 
little more head room. It was not used in the Austia design 
as it does not lend itself to the addition of a heat exchanger. 
The rotor shaft coni^uration is different in that the turbine 
is simply mounted between cad bearings. These bearings 
are of the plain type, both for journal and thrust. In detail, 
Allen's have prdfetred an epicydic reduction gear to the 
layshaft type. 

The 125 kW unit (Fig. 23), for emergency power 
generation, wzs designed for extreme simplicity and the 
now familiar all radial flow compressor and turbine was 
selected to achieve this end. An integral rotor was used so 
that the compressor side cooled the turbine. Calculadons 
indicated that the heat flow to the compressor would not 
affect its efl&dency gready. A simply supported rotor with 
plain bearings was used giving a very stffi rotor. A reverse- 
flow combustion chamber and epicydic reduction gearing 
were utilized. 
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Huston and Homsby 

The successful Ruston *TE' 300-kW unit (16) differs 
mainly from the Allen in the addition of an extra turbine 
stage. This is logical as the Ruston unit has a higher 
pressure ratio, namdy 3-5/1 compared with 2-5/1- In 
addition, this allows a lower rotational speed though 
similar to the Allen in basic layout. It will be seen that it 
differs considerably in detailed design (Hg. 24). 

The main shell is built up of four substantially annular 
castings spigoted and flange-bolted together, the gearbox, 
the compressor, the turbine inlet casing and the turbine 
casing. The engine has been designed for a long life of 
25 000 h which for the comparativdy high gas inlet tem- 
perature of 800*C (I472''F) would be a good achievement. 
Rotor blades are machined for free-vortex flow and fixed 
to the discs with fir*tree roots. Stator blades, which are of 
constant section, are assembled in eight segments to cater 
for expansion problems. 

The rotor is supported at its ends on plain bearings and 
the centrifugal impeller and the turbine discs are separated 



by a tube of large diameter giving a very stiff rotor, the 
bearings are elastically supported. 

Auto Diesels Ltd 

Manu&cturing under licence an engine originally de- 
vdoped by the Standard Motor Co., Auto Diesels Ltd have 
developed an air-bleed unit used mainly for starting large 
aircraft jet engines (Fig. 25). The illustration shows a 
compact f^tnn^ with radial compressor and turbine of 
back-to-back construction and overhanging rotor. Two 
combustion chambers are utilized, presumably to keep the 
outside dimensions as small as possible. For an industrial 
unit it has a comparatively high turbine inlet temperature 
ofSSO^C 

Solar 

In the small industrial turbine. Solar and AiResearch were 
the first in the field The Solar *Mars' unit of 50 hp (18), 
which is manufactured in Great Britain by Perkins, broke 
new ground by utilizing the badt-to-back construction for 
the turbine and compressor. 

This is a good layout for a light-weight construction as 
it gives the shortest possible configuration. Turbine and 
compressor rotors are separate and overhung (Fig. 26) and 
held on a slender shaft. Qearly, the system runs above the 
first critical speed and, althou^ this is a disadvantage in 
view of having to accept a deflection while passing through 
±e critical speed, it does allow small bearings of lower 
friction drag. Sealing at a small radius between the rotors 
is accomplished by a diaphragm. It w31 be noted from 
Table I that this unit is among the lightest and is con- 
servatively rated for emergency duties with reliability. The 
ducting layout contributes considerably to the light weight 
and the connection between compressor and turbine is 
accomplished largely by the elbow combustion chamber. 

AiResearch 

AiResearch were the first to enter the field of industrial gas 
turbines and they have manufactured several thousand 
• air-bleed units for aircraft air-conditioning and pressuribsa- 
tion. They have been pioneers of the inward-flow radial 
gas turbine and have done much to develop and popularize 
this type of turbine for small units. 

Their engines range in size from 30 to 850 hp (19) 
with the exception of the 331 series described above are 
single-shaft machines. Most units have two stages of 
compression. This is necessary as high-pressure air is 
frequently required for air-bleed purposes. The low- 
pressure compressor is a symmetrical double-entry centri- 
fugal unit, the output of which, now at higher density, is 
fed to a single-entry radial compressor, both impellers 
being driven on the same shaft by an inward-flow radial 
turbine. In many cases engines giving bleed-air and shaft 
power are available. One of their latest and most interesting 
engines is the GTP 30.1, which gives 30 hp with a weight 
of only 40 lb, and is undoubtedly the lightest gas turbine 
power unit. It is a development from their turbo-super- 
charger, and consists of a single-stage centrifugal compressor 
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driven by an inward-flow radial turbine, it runs at a speed 
of 52 800 rcv/min with a turbine iolct temperature of TgS^C 
(1463-F)- 

Rover Company 

The Rover Company has developed two robust industrial 
units (20), the IS/60 and IS/90 of 60 and 90 bhp respec- 
tively (Fig. 27). These are practically identical but the 
larger unit has an inaeascd air flow. The design utilizes a 
CKitrifugal compressor driven by an ^'^^l turbine. In detail 
there are many interesting features. The 17-vane impeller 
is made, as is common pracdce, in two pieces but the 
rotating inlet guide vanes arc shrouded The turbine is a 
Nimonic forging with the blades machined integrally with 
the disc, and as these conform to a free-vonex design it 
represents quite a feat in machining* The ball journal and 
thrust race is of standard high-speed practice but the dia- 
meter of the roller bearing has been reduced by the ex- 
pedient of a groove in the turbine shaft to form the '^nrtfr 
race while the outer race forms pan of a flesible bearing 
mounting. The combustion chamber is of the reverse-flow 
type. 

D. Bndwoxrth 

David Budworth, being a <Tnall company, was very daring 
when it embarked in 1950 on the development of small gas 
turbines. Nevertheless, the company has succeeded in 
marketing a successful machine in the 'Btill' (21). The 
original philosophy of the design was estremc simplicity, 
the elimination of electrical accessories, and die keeping to 
a very minimTim of other accessories. It is an all-radial-flow 
single-shaft machine (Fig. 28) with an j^nniar combusdon 
chamber. In order to extend its range of application the 
Mark II has been developed, with increased horsepower 
(60-90 hp) and electrical accessories have been made 
available. The annular combustion chamber differs from 
the Turbomeca design in that fiiel is fed from three static 
iipstream-injection burners and pilot atoroizcr. Starting 
can be by hand cranking or an electric moot if preferred 

B JVLW« and Deatz 

German firms entering into the turbine field somewhat 
later than other industrial countries have righdy profited 
by the latter's experience. B.M.W. (22) use a similar aU- 
radial-flow design in a 50 bhp unit to that pioneered by- 
Solar and have obtained even more compacmess by 
utilizing an annular combustion chamber of the same 
principle as the Turbomeca. Their unit is thus similar in 
construction to the Budworth design. 

Klockner-Humboldt-Dcutz have under development a 
light unit of 80 bhp for fire-pump duty (23). This is similar 
in design to the B.M.W. but uses a more conventional 
reverse-flow combusdon chamber. Less conventional but 
smiple is the igniter arrangement, which is similar to a 
•Bengal match'. This is struck and inserted into a holder 
where it bums for some 20 sec. 

^ Both of the above engines have been designed for 
mespensive manufacture. 



ANALYSIS OF APPROACHES OF 
VARIOUS FIRMS 
When we analyse the various approaches, although there 
are exceptions a definite pattern emerges for the variotis 
fields of application. In the first place almost everyone has 
avoided the asial compressor in this size of unit, despite 
the faa that its efficiencies are known to be better in the 
present state of the art. This is no doubt primarily due to 
cost. Some eight stages would be necessary for an effideat 
compressor of 3-5/1 pressure ratio. Coupled with this, the 
aszal compressor has a narrow working band between surge 
and loss of efficiency making part-load operation difficult. 
Additionally, it is very much subject to loss of efficiency 
and stability widi deposits. With a few exceptions ^I'n^r*^ 
combustion c hamb ers have been chosen no doubt p rtma.-ny 
to save cost and to eliminate any possibility of one or more 
combustion chambers failing to light, which coxild have 
disastrous results on the engine. There is, however, divcr^ 
gence of view on the configuration: straight-througlC 
reverse-flow and elbow types all have support. This, how- 
ever, is mainly due to the mechanical arrangement of the 
design rather than combustion efficiency, which is dose to 
100 per cent in all cases. Where two combustion chambers 
have been used, namely Boeing, General Motors, Ea^ and 
Autt) Dieels, this is presumably to give a more compact 
engine with the configuration employed. The Ford unit 
has two combustion chambers, one being necessary for 
reheat. 

These observations are common to both industrial and 
vehicle units but to discover more detailed trends it is 
necessary to consider the two fields separatdy because of 
the influence of the diflferent objectives. 

Automobile type torbines 

All automobile type turbines are two-shaft units; some of 
them have been developed for aircraft purposes but wotdd 
be suitable for vehicles and, in fac^ in many cases have 
been used experimentally in this manner. Witii the except' 
tion of the Ford, Fiat, AiResearch and Austin 120 hp i 
single-stage compressor (ratio 3 to 4/1) has been used, 
requiring a heat exchanger of high thermal ratio. In the 
early days it was not generally thought that a heat exchanger 
of such a large thermal ratio would be a practical proposition 
for the small space available in a car. With a thermal rario 
of 0-7 a pressure ratio of 6/1 could be advantageous, 
generally requiring 2 stages of compression (Fig. !)• As no 
small heat-exchanger turbine unit has yet been put on the 
market the question of pressure ratio still cannot be said 
to be resolved. However (see below) die combining of two 
centrifugal compressors is only performed with the sacrifice 
of efficiency, so except for no-heat exchanger units where 
a high pressure ratio and temperature are essential for 
efficiency it seems unlikely that two stages will be popular. A 
partial move in the direction of high pressures has, however, 
been made by Boeing with their single-stage compressor 
of 6*6/1 pressure ratio. It should not, however, be ignored 
that with two stages the discs are not stressed to the same 
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• : degree and there is the possibility of inrcrcooling as used 
■by Ford. 

Azial turbines seem to be the more popular because of 
the oonveaience and shortness of the ducting between the 

' compressor turbine and the power turbine but, as seen 
above, diere are notable exceptions, Rover, Austin 30 hp, 
Boeing 520 and Ford (high-pressure section). Power turbines 
are all axial except for a unit in early stages of development 
by AiResearch. For specific weight the prize would seem 
to go to Boeing and Turbomeca with a figure of about 
0*7 Ib/bhp, not surprisingly as they are of no-heat-cxchangcr 
type and designed specifically for aircraft use; nevertheless, 
they are both cleverly designed umts. With axial turbines 
two or more stages can improve efiSdency, as widi axial 
units the losses increase widi increase of gas deflection or 
blade camber. In addidon, staging allows a lower stressed 
design making higher temperatures or simpler blade fixings 
Possible. In this field all are heat-exchanger units except 

"^voeing, Blackburn (Turbomeca), Hat, and Daimler-Benz, 
although it is reponed that the latter have a heat exchanger 
under development. Turbomeca and Boeing units are 
p rimar ily designed for the air, namely vr%M turbo-prop 
engines and helicopter units, and heat exchangers are usually 
too heavy for such applications. This is, however, the 
component which exhibits the biggest divergence in design. 
Recuperative units are used by Austin, Rover and 
AiResearch but aU diflFerent in one way or another. Rover 
use a primary-surfiicc type of contra-flow design, while 
Austin, Ford and AiResearch all use the secondary sur&ce 
matrix type, but while the Austin is a cross-flow, the 
AiReseardi is a cross-flow but with two passes on the air- 
side and the Ford a contra-flow unit. The Austin industrial 
250 bhp unit will be a contra-flow type but in construction 
by no means identical with Ford. It is seen, therefore, that 
no finality on the best heat-exchanger design has been 
reached. 

Industrial units 
t dimost universally, for reasons already noted, manu- 
facturers have chosen the field in which the turbine excels, 
and for which fuel consumption is relatively unimportant, 
namely emergency power, pumping, and purposes in which 
the exhaust heat may be utilized. In addition, though not 
stricdy industrial, a further application has proved popular, 
namely to provide the power unit for driving aircraft 
auxiliaries to save having to tap the mam gngings or to run 
the latter when the aircraft is on the ground. In these cases 
- light weight is the important factor. 

Most firms have used single-stage units for both turbine 
and compressor. The exceptions are, the Allen 350 kW, the 
Ruston TE, and the Austin 250 bhp, all these being 250 bhp 
or over. Here the high pressure ratios and mass flow make 
two or three stage turbine imits justifiable on account of 
efficiency. Below 250 bhp the choice, with the exception of 
the Rover industrial units, has been for an inward-fiow 
radial turbine; the Rover imit has blades integral with the 
disc. The main reason for this choice was a stress one. It is 
very difficult to design a root fixing for a small gas-turbine 



wheel that will stand the high peripheral speed and, 
consequemly, stress, necessary to obtain good efficiency in 
one stage. The second factor is an economic one. Although 
some of the radial romrs may, in the first instance, have 
been cut ftom the solid, many are now cast and it is un- 
doubtedly the intention of all designers to do this ultimately. 
However, because of casting difficulties some have taken 
the safer policy of machining ftom the solid until the casting 
technique is fiilly developed. The unanswered question is, 
how high in terms of mass Sow and horsepower is it possible 
to go with a radial turbine with profit? Many of the 
designers of small units have adopted the back-to-back 
construction foUowii^ the lead of Solar. Allen's use a 
combined rotor for both compressor and turbine (125 kW 
miit); with this construction sealing must be made at a 
large diameter, usually that of the outside of the rotor other- 
wise a split seal is required. However, wirh the small rotors 
this is not as detrimental as might be supposed as the 
pressures in the compressor and turbine at this point are 
of a similar value. Nevertheless, with most units separate 
rotors are preferred and sealing is usually accomplished at 
a small diameter. 

Maximum gas temperatures are about SOO^'C (1472'^F) 
and fuel consumption varies over a large range firom 0*8 to 
lo. This range may seem surprising but the high value of 
fuel consumption is not really important for emergency 
operations and some designers prefer the reliabiUty tiiat 
goes with lower temperatures. * 

PROBLEMS OF SMALL GAS TURBINES 
Introduction 

As will be appreciated &om the last section most companies 
have now had opportunity to weigh up the advantages and 
disadvantages of the turbine as a power unit. These arc 
now well known but are listed below to indicate the most 
fruitful (Erections of research and development. 



Advantages 

(1) High specific power. 

(2) Built-in torque con- 
verter (for 2 shaft 
machines), 

(3) No rubbing parts like 
pistons. 

(4) No reciprocating parts. 



(5) Easy starting. 

(6) Any distillate fueL 

(7) Low lubricating-oil 
consumption. 

(8) No cooling water. 

(9) Non-toxic exhaust. 
(10) Utde ] 



Problems 

(1) Heavy fuel consumptioxL 

(2) High peripheral speeds. 

(3) Accclcratiottof gas generator. 

(4) Noise. 

(5) Absence of engine braking. 

As observed earlier the problem of heavy fuel consump- 
tion of the simple gas turbine is principally tackled by the 
addition of a heat exchanger. Nevertheless, improvement 
in die efficiencies of the turbine and compressor materially 
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assists in the increase of thcnnal eflSdeaqr and can thereby 
allow a reduction in size of the heat eschanger with conse- 
quent saving in cost, volume, and wdghc It is proposed 
shortly to examine some of the developments made in these 
units, principally by the auriior's firm, under these headiugs. 

The main problem of high peripheral speeds is one of 
materials to stand up to the >n>h stress imposed, and in the 
case of the turbine also under conditions of hi^ tempera- 
ture. But apart &om stating that improvement and reduction 
of cost of high-temperature materials are perhaps the most 
important of all developments for progress in the gas- 
turbine field, it is not proposed to treat this subject, as it 
would require a paper in itself to deal with it adequately. 

Another problem associated with high speed is shaft 
whirl, which will be discussed in some detaiL Finally, a few 
observations will be m^ df on the problems of aircr^ noise 
and engine braking. 

Compressors 

One of the main unknown fectors in the application of 
aircraft turbines to small turbines was the scale efFecL To 
give some mdication of this, comparisons are made between 
the compressors of the Austin 30 hp turbine and the 
Austin 250 hp turbine for single-stage compressors and 
between the Austin 120 tmit and the Rolb-Royce 'Dart* for 
two-stage compressors. There is always difficulty in making 
comparisons unless the design principles are identical; cer- 
tain faaors frequently make this impossible but the designs 
considered have a similar basis, as the author's company 
received some assistance from the background cspciicncc 
of Rolls-Royce. Each compressor has an aerofoil vane-type 
difiuscr and pressure ratios, and hub/tip ratios are similar, 
and perhaps the most practical but less scientific comparison 
is that each has been developed to give its best performance. 
Fig. 29 shows the characteristics of the 30 hp and 250 hp 
respectively. Details of design and air velocities arc given 
- m Appendix I and the efficiencies are summarized below. 



Com- 
pressor 
type 


Aiaximum 
adiabadc 

efficiency, 
percent 


pressure 
ratio 


Design point 


Adiabatic 
efficiency^ 
per cenc 


Pressure 
rado 


Mass 
flow, Ib/s 


30 hp 
250 hp 


76-5 
79-5 


3-0 
3-51 


76-2 
790 


2- 98 

3- 47 


0-87 
4-7 



It will be seen that the TnaTi'mnrn efficiencies are quoted 
and the efficiencies at the design mass-fiow. From the shape 
of the charaaeristic curve it will be observed that the 
m a y i mnm efficiency frequendy occurs at the surge line; it 
is not, of course, possible to work at this point and hence 
operating efficiencies are a litde less. From Appendix I it 
will be noted that design Mach numbers are highest at the 
impeller outlet but nowhr re reach unity. This was deliberate 
m the design but it does not guarantee that there are no 
local velodries in this region approaching the acoustic 
velocity. It is apparent that there is an improved efficienc/ 



widi die larger machine but that die difference is less than 
initiafly feared with a very smaU unit. This was one of die 
interesting outcomes of the Mioistry of Supply contraa (24). 
It is interesting to compare these efficiencies with a very 
large aircraft compressor such as the ILR. Derwent 5 
(mass flow 61 lb/sec) which at 4/1 pressure ratio has a 
maximu m efficiency of 82 per cen;, indicating the <atn#> 
Upward tendency with size. 

If pressure ratios above 6/1 are required then it is almost 
essential to go to two stages or stresses become of dangerous 
magnitude. The charaaeristic of the two-stage Austin 120 
compressor used on the vehicle turbine is shown in Fig. 30 
for one speed only (21 000 rev/min). This is not the 
TTiaxiTn i im speed of the compressor or consequendy the 
mnxim um pressure ratio but a convenient speed for 
purposes of comparison* 

The velocities quoted in Appendix I are for this 
condition and not the maadmum that can occur. Tb^ 
Rolls-Royce TDart* charaaeristic is shown in Fig. SL 
Results are su mmar ized below and show the same trend as 
on the single-shaft units. 



Com- 
pressor 


1st s 


tage 


2nd stage 


Overall 


Max. 
effic- 
iency, 
per cent 


Pres- 
sure 
raiio 


Max 
effic- 
iency, 
per cent 


Pres. 
s\xre 
rado 


Max. 
effic- 
iency, 
per cent 


Pres- 
sure 
ratio 


Mass 
flow, ' 
Ib/s 


Austin 
Rolls- 
Royce 


72-4 
760 


2- 25 

3- 27 


77-8 
84-1 


1-59 
1-78 


74-7 
76-8 


3-57 
5-85 


216 
22-2 



It was suspected that some losses must occur in turning 
the difSiscr of the first-stage into the eye of the second-stage 
impeller and tests on each stage were conducted; the first- 
stage tests include the losses in turning. Figs. 32 and 33 
show die results for the Austin and *Dart* compressors 
respectively. Fig. 34 shows the position of the instruments. 
In each case it will be seen that the second-stage compressor 
is superior to the first stage as this does not include thi. 
tumix^ losses. In the case of the Austin units there.would 
appear to be some 4 per cent loss in turning. This is not 
surprising as the air leaves the first-stage difiuscr at a Mach 
number of nearly 0-5. In an effort to reduce the inter-stage 
loss a duaed diSSuser was tried in which each rtmnngl of 
the first-stage compressor was first diffused and then 
gradually turned without diffusion into the eye of the second 
stage in more or less helical manner. Fig. 35 shows dia- 
grammatically the two types of construction. There was 
practically no improvement in maximum eflScxency with 
this cha n ge. However, the characteristic was considerably 
broadened making matching without surge considerably 
easier. 

It is not possible to draw rigid conclusions firom these 
tests though the trend is very definite: the larger the mass 
flow the better the cflSdency. It is not likely that there is a 
large Reynolds number effect as in all cases Rcynold.^ 
numbers arc of large magnimdc but it would seem that 
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inaeased losses are due to the comparadvety large suz&ce 
area compared with air ^na^^ fg^ ^t"^^^ units; thus the 
ioundary layers occupy a larger proportion of the flow 
area and thereby bring with them a correspondingly in- 
creased loss of energy. It is noted that this scale trend is 
rougiily of the same order as that prcdiaed by Balje (25). . 

Another interesting comparison is the remarkable single- 
stage Boeing compressor T,60 (26) giving 6-6 pressure ratio 
(Fig. 36). It will be noted that the efficiency Ms 

off above 5/1 (78 per cent) to 74 per cent at 6-6/L Velocities 
in this compressor are supersonic at the impeller tip and at 
the entrance to the difiUsers thus aeating shock waves, 
which is a difficult flow condition to be handled effidentiy. 
Comparisons of these figures with the two-stage compressor 
above indicate similar efficiencies but dearly ^ compression 
can be accomplished with one stage a more compact and 
less expensive design is forthcoming. 

C. A final comparison is made with an Allen deven-stage 
.bial compressor (Fig. 37) for the high-pressure stage of 
their 500 kW unit. This was tested with atmospheric inlet 
conditions (27) giving a mass flow of about 4-5 lb/sec at a 
5/1 pressure ratio and tr n ^r r these conditions ^^^^^ within 
the range being considered. Maximum adiabatic efficiency 
is approximately 85 per cent; owing to the steepness of the 
characteristic at this high ratio, however, it may be difficult 
to run above 82 per cent; nevertheless, such effidendes 
have never been achieved witix a centrifugal compressor 
(Fig* 38). These results go a long vfzj to answering the 
question as to vAst happens to axial compressors when 
diey are made in small sizes. The answer would appear to 
be similar to that of the centrifugal, riiat is a downward 
trend with size, but that there is an cGdency advantage in 
sn:iall sizes as with large coinpressors in favour of die azzaL 
It may^ however, be expected diat if as much research had 
been expended on the centrifugal ™tr that this differential 
might have been reduced. 

Turbines 

C^e question here, at least for the compressor turbine, 
^Vould appear to be; radial or axial? It seems possible to 
dcs^ an axial turbine (Table 1) with an effidcncy of about 
85 per c en t . Radial turbines have, however, become in- 
creaisingly popular in recent years for units bdow 250 hp. 
This type of turbine was probably first used by Kapitsa as 
an expansion turbine for refiigeration to obtain very low 
temperatures at the Cambridge University Mond Labora- 
tories. It is basically a centrifugal compressor nmning 
backwards and its attraction as a turbine is centred in the 
fact that it eliminates the highly stressed root fixings which 
are necessary for most axial turbines. If machined from rhc 
' solid, however, it is expensive but as a CT^iTig becomes 
attractive. It also lends itself more readily to variable-area 
no2zles. Examples of this type of unit are shown in Table 1, 
where no less than nine firms have used it. 

Ricardo's have done considerable investigation of this 
type of turbine for the Ministry of Supply (28). They 
utilized three sizes of rotor with identical diameter but 
increased the size and znass flow of the turbine by increasing 



the depdi of the nozzles and the rotor blade width at 
entrance (Fig. 39). A summary of their results is as foUows: 

Turbine * Effidency 
A 90 
B 86 
C 78 

These results were for cold tests and it is suggested in 
their report, from a limited number of hot tests, that there 
would be a loss of some 1-^ per cent under high temperature 
conditions. In addition, rotor/shroud dearances were firom 
0-009 in. to 0*012 in. for cold tests, and it was arranged by 
pressure balancing that there was zero rotor-tip leakage. 
Arrangements of this nature were desirable for test work 
but in practical cases there would be a leakage and it is 
thought that the clearance would have to be a litde higher. 
In view of this it would seem likdy that a radial turbine can 
be designed to give approximately 85 per cent adiabatic 
effidency and ±cre therefore seems litde doubt that this 
type of turbine will give at least as good a result as the axial , 
It is therefore likdy that cost and the proposed layout of the 
fn gtng will determine the type to be used. 

The radial turbine lends itself well to single-shaft 
Tnarfti'niMi but difficulty is encounterod when a two-shafr 
unit is required. However, the difficulties are not insuper- 
able and the Rover 2S/140 and the Austin 30 hp are examples 
of such a design. 

Heat exchangers 

Although the first heat exchanger iised for the Austin 
automobile unit was of tubular construction and compara- 
tivdy low diermd ratio, calculation showed that to obtain 
a reasonably hi^er thennal ratio in a small compass tubes 
would have to be so small and numerous that &brication 
would be very difficult and expensive. It was dcdded, 
therefore, to use simulated triangular tubes built up from 
alternate layers of corrugated and flat plates into a matrix 
and furnace-braze the whole unit. 

Perhaps the greatest difficulty that has emerged in the 
design and construction of heat exchangers is the problem 
of the ^headers' for the separation of the air and exhaust 
gases to and from the simulated tubes. For this reason 
cross-flow units were first used. These allow die ducts to 
come simply from both sides of a roughly cuboidal block. 
Fig. 40. Such a construction, however, becomes very heavy 
for thermal ratios in excess of about 0*7, when the contra- 
flow heat exchanger is preferable. However, it was* found 
possible to use a similar form of construction for this type 
of unit separating exhaust from air by diverting the air and 
exhaust gas from the matrix in alternative directions and 
collecting in headers, as shown in Fig. 21. The sizes of the 
passages are much exaggerated in this illustration for 
clarity. The technique of fabrication was devdoped by 
Marston Excdsior and also by the British Motor Corpora- 
tion's Radiators Division. 

Heat-exchanger material was carefully considered and 
most alloys that contained copper were rejected owing to 
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possible sulphur attack from certain fuels. It was dedded 
to ead«vour to evahiate other materials in relation to two 
«on«lards which were thought to represent the least es- 
Paswe and best materials respectively, namely mild steel 
and stainless steeL It caused surprise to find how well mild 

(1112 ¥}. For this reason the major amount of development 
work has been performed using mild steel whidi, as weU 
asbemg less espensive in initial costs, is easier to fibricate. 
iHe ast ng is shown in Fig. 41. Cool air is supplied to the 
A^^^ exchanger and after passing through is 

dtK»i » a combustion chamber where it is heated to about 
C (IIK'F). The hot gases are then ducted to the 
echaust side of the heat eschanger. Experience has shown 
t&at thermal distortion was the main difficulty, and a cydc 
"ico'Poratcd by the simple expedient of bypassing 
eul Sa to the flue and dosing the duct to the gas side 
Of the heat escfaanger. These two operations were performed 
simultaneously and automaticaUy by two hxaxaQj valves 
controlled by a small dearie motor. A cyde of 5 """"T'^' 
W!3 found to be optimum for a severe and accdeiated test. 
■ ni'SiS**?* conditions widx an inlet temperature of 600'C 
Ul IZTT) the enreme temperanires recorded by the tiiermo- 
SSf%So** gas inlet face were 570"C (lOSffT) and 
^oo C C392 F). Owing to the thin material these tempera- 
tures are difficult to measure accntatefy but they indicate 
s 7*7 differential espansion problem that has to 
oe dealt with. The aoss-flow heat exchanger stood up to 
several hundred hours' running but ultimatdy the <7de 
tests both distoned die matrix and pulled it aw^ from the 
J^^fS giving leakage between die air and gas sides 
It was thought that an improvement could 
be obtamed by welding the matrix to its casing instead of 
brazmg to increase die strengdi of die joint This only gave 
asniau unprovement; a design was therefore evolved to 
give tae mattu as mnch freedom as possible^ and at die 
«ffleome to increase die lengdi of die heat flow padi 
octween it and its casing. This was accomplished by sus- 
pendmg die matrix on flexible di^hragms attached to die 
flange of die air inlet and oudet ducts. The whole is 
encased m a box and die exhaust allowed to flow into one 
sioe and out of die opposite side. Bypassir« of die exhaust 
» prevented by a slidhig seal that has only to withstand a 
low pressure difference. The Austin 30 hp cross-flow heat 
«caanger has a tiieraud ratio of 0-65. Two types of heat 
^S^I" ^* ^ devdoped for die 250 hp unit, a 
contta-flow, described above, of 0-84 tiiermal ratio, whidi 
a now made up in right separate blocks, and a aoss-flow, 
jfig. 40, similar to die 30 hp unit widi a tiiermal ratio of 
„„;i ^ Design data for diese diree 

T?-^i* found in Appendix I. 
It is diffiadt to express an opinion of die relative merits 
or recuperative and regenerative heat exdiangeis. The basic 
aavaiiiagc of die regenerator is diat it is self-deaning, 
auowmg die use of small passage sizes. It also needs less 
aucung than die recuperator. Its main disadvantage is die 
a^cuity of sealing between the high-pressure inlet air and 
not low-pressure higfa-temperanire exhaust gas by means of 



ashd^ sol or glaid widi smaH dearance; devdopment' 
h« now reduced ^ kakage to 4.5 per cent. 
pnaol examples have shown dm bodi ^ of 
be made ansfiaorily but dirir lives are still sSeS 
^^fector,. In addition bodi type, arc 

Rotor problems 

■ i^w„'^''°P'*=^fSine has its torsional viT^^ 
coub es, so the gas turbine has its bending vfisration 

^first amcal speed and suffident shroud dearance has 
SnSL^t* °f *^°°Sh i^ dien die harmonics have to 

fii"e^i'!±;?^^^* ^Sned to nm bdow die 
fint cnncal ^ and very considerable devdopmcnr has 
b«i rt^utted to obtam a rbtor assembly of suflSdent sri^ 
n^, whjch IS made more difficult by die overhang tn^ 
rotor mtd m^ design. Altiiough calculatbns wieS 
^aoca^ speed, because of die doubtful factor of bearing 
snffiiess rt was fdt necessary to died: die design by 
ment and a whirl r^ was.made for dm purpS. tS^ 
constr^ by usmg die 250^p turbktt^« » ^ 
^>J^ '"^^ driven fr^ OTttS 

gear backwards to obtam die necessary high speeds. The 
powa r«iuirem«t was reduced by m£i?^ 

^e proximity pick-ups were located halfway between the 

^^^^^T^'^^''^'^ turbine rotor. With 
the first rotor die fundamental critical speed was only a 
htde above die running speed of 29 000 rev/min but by 
J^mg die s«ion modulus of die hollow spadng shaft 
betw«n the turbme and compressor die fimd^aeaal was 
SJr" ^^^^ (^8- «PPer curve for 

^ ^ wire 

tJ?S die speed range. The reason 

liT^ beams suppon vibrSu It is impo^ 
SLw^"* jperfbaion. and d« rotor pres«V\ 
vftratmg force covering die speed range of freqrLcy. The 
yanous pans of die engme, induding die castings support- 
rng die bcmngs, have didr own natural frequmcy and if 
this comad« widi ^ rotor at any speedlibration will 
result. In order to reduce die magninide of die exciting 

-"^ ''^^ '"'^ given a degreerf 

flesibihty m dieir mountmgs. The very cmmdmblg 

improvement 13 shown in die lower curve of Eg. 44. 
Automobile appUcations 

The problem of accderaring die gas generator is a con- 
sidcnble one and as seen above many firms have spent 
muA nmc and effort to mitigate diis situation. The first 
expedient is to keep die rotating inertia to a minimum but 
for high-performance cars diis by itself is insufficient. It is 
mteresong to note diat Rover and Chrysler have adopted 
somewhat different approaches to die problem, namdy in 
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the position in which they have placed the movable blades. 
In the case of the Rover design the policy is to run with a 
high idling speed with Sow reduced to a minimum and to 
open up the nozzles to the compressor turbine with the 
addition of extra fueL This wiU make more power available 
for the power turbine to accelerate the vehide. With the 
Chrysler unit the opening of the nozzles to the power 
turbine increases the pressure drop across the compressor 
turbine and thereby helps to accelerate this component and 
subsequendy make more power available to the power 
turbine. Both these effects, however, are transient condidons 
that take place in a few seconds and without the results of 
tests it is not possible to say whether a complete solution 
has been obtained. 

With regard to braking, the turbine unit has not the 
oatural overrun braking of the reciprocating engine. How- 
ever, with modem disc brakes this is not so important with 
^'ars, though heavy trucks would certainly need some 
sistance in the descent of steep hills. Possible niethods 
are firsdy^ the expedient of Chrysler akeady noted, and 
secondly, a method demonstrated by Boeing, namely by 
putting the transmission into reverse and then using the 
accelerator as a brake! Alternatively a rctarder of the eddy- 
current or similar type could be used. Ndse has often been 
advanced as a disadvantage of this type of engine butin faa 
there is no great difficulty in getting silence by conventional 
methods. Heat exchangers normally deal with the exhaust 
noise and the high-&equenqr intake noise which emanates 
&om the compressor may be reduced to acceptable limits 
by a splitter type of silencer. For reduction of noise emanat- 
ing &om gears and casings, the expedient of under-bonnet 
insularion is generally adequate. Although much attention 
has been given to powering a passei^er car with a gas 
turbine the author feels that the truck application is a 
simpler and probably more rewarding proposition. Both 
Boeing (lo) and General Motors (8) have made such an 
applicarion experimentally and the Austin 250 hp unit has 
been designed for the addition of a power turbine at a later 
/^""ate. The truck applicarion is simpler xh m the passcnger- 
V ^ application for many reasons as it can make better use 
of high horsepower with its relauvely high load faaor, 
secondly there is more space for stowing a heat exchanger, 
and snap acceleration is less important. Finally a 250-300 hp 
diesel unit is quite an expensive item and makes the cost 
target for a turbine more attractive. 

The turbine engine vehide is a very much more attracave 
unit to drive than its redprocating countcrpait owing to its 
smoothness in torque and absence of heavy vibradon. In 
addirion, the performance of a turbine unit is superior to 
that of a redprocating engine with a normal transmission of 
±e same power, owing to its attracave torque characrcrisac 
Stall torque is 2-2-V times full-load torque. This is not 
suffident for a heavy vehicle but it much simplifies die 
tr ansmis sion. Fig. 4, calculated for a 24-ton truck with a 
conscrvauve assumpuon of a stall torque double the full- 
load torque, shows that a turbine with a three-speed 
transmission, preferably of the automadc type, gives a better 
performance than a diesel engine with five speeds. Both will. 



of course, have the same maximum speed but it will be 
noted that there are many areas of operadon where the 
turbine shows considerable advantage, for instance it will 
be noted that a gradient of 1/45 could be climbed at a speed 
of 46 miles an hour instead of 38. The jumps between gears 
are much smaller and the 'ex^me' hangs on because it 
naturally gives more torque to meet higher loads while the 
redprocating engine torque curve is not far &om being flat, 
mating gear changing more firequenc. 

CONCLUSIONS 
Gas turbines have perhaps not made the progress that was 
initially hoped in the small turbine fidd. Neverthdess, they 
have fitted admirably into many markets particularly on the 
industrial side in cases where fud consxmipdon is not 
important and as aircraft auxiliary units where lighmess is 
at a premium. In the automobile fidd advance in experi- 
menol tmits continues rapidly and one company has sold 
the first units for fire vehide propulsioiL Other firms have 
sold units to propd boats and light aircraft. It can therefore 
be comfortably assumed that the gas turbine will gradually 
become more and more widely used as devdopment con- 
tinues but that a sudden break-through is unlikdy. Costs 
do not come down pro rata with size so it would seem ^^^^ 
the small passenger car is going to present the cntm 
difficulty. 

A CXN O WLED CEMENT S 
The author would like to acknowledge gratefully the 
co-operanon he has recdved firom many companies in the 
supply of informanon for his lecture, pardcularly that of 
Rolls-Royce for performance details of thdr 'Dartf com- 
pressor. He would like to record the great hdp he has 
recdved in the preparation of this lecture Scorn Mr J. Barton, 
and &om Dr R* J. Tonks and Mr M. C. Hathaway, and of 
the research team for their contribution to the work on 
which this lecture has been based, and in condusion he 
would like to thank the Directors of the Austin Motor Co. 
for thdr permission to give this lecture. 

APPENDIX I 

iTtzroducaon 

Component cffidendes and assumptions made in calculations for 
Figs 1-5. 

(1) Design point operation 

. Compressor adiabatic effidency 0*80 
Compressor inlet tempeianire 28S'K (518*R) 
Compressor inlet pressure 14*7 Ib/in^ abs. 

Turbine adtabadc effidency 0*85 
Cdmbusdon efifidency 0*98 
Heat exchanger therxnal ratio 0*80 
Pressure loss in combustion chamber 

and ducts 5 per cent 

Pressure loss in heat exchanger 4 per cent 
Air leakage loss between compressor 3 per cent with heat 
and turbine exchanger 

1 per cent without heat 
exchanger 

Lower calorific value of fuel 10 300 C^.U./lb 

(18 500 Btu/Ib) 
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Compressors 



Dimensions 



Comparison of Austin 30 hp compressor and 
250 hp compressor 



30 hp compressor 
250 hp compressor 



dx 

1-90 
3-25 



di 
3-14 
6-35 



d^ 
5-4 
10-8 



dA 
6-26 
12-0 



di 
8-15 
15-6 



di Eye-hub diameter, in.; di Eye-dp diameter, in.; dy Impeller 
dp diameter, in.; d^ Pitch drde diameter of di&ser leading 
edges, in.; Js Pitdi cxrde diameter of trailing edges, in. 



Air Tcloddes at design operadng point 

oi «2 03 

30 hp compressor 350 1142 966 

250 hp compressor 400 1230 1102 

v\ Air approach velocity (axial) at intake, ft/s; ©2 Air velocity 
(absolute) at impeller dp, ft/s; oj Air approach velocity at leading 
edge of diffiiser ring, ft/s. 



Mach numbers at design operating point 

Ml Mz My Ma 

30 hp compressor 0-762 0-694 0-906 0-749 

250 hp compressor 0-852 0-740 0-965 0-845 

Afi Eye-dp reladve Mach No.; Mz Eye-dp tangential Mach 
No.; Af} Impeller tip Mach No. ; Ma Di&ser inlet Mach No. 



Compressor 

Austin 
Rolls-Royce 



Austin 
Rolls-Royce 



Comparison of Rolls-Royce 'Darf compressor and Austm 
120 hp two-stage compressor (No. 8) 

Dixnensions 

First sage 
di di dy dA ds 
2-437 5-750 12-000 12-922 16-500 
4-686 12-685 21-000 21-984 27*600 
Second stage 
di dz di dA ds 

2- 187 5-250 10-250 10-593 14KX)0 

3- 625 9-900 17-600 18-312 23-800 
d\ Eye-hub diameter, in.; Ey^dp diameter, in.; dy Impeller 
dp diameter, in.; d^ Pitch circle diameter of difEuser vane V^^^t 
edges, in.; 4 Pitch drde diameter of trailing edges, in. 

Air velocities at design operadng point 

Compressor First stage Second stage 

V\ vz Vy V\ vz v\ 
Ausdn 394 1030 950 260 874 852 

Rolls-Royce 502 1180 1130 357 995 957 
vx Air approach velodty (axial) at intake, ft/s; v% Air vdoc^ 
(absolute) at impeller dp, ft/s; 03 Air approach velodty at Isadai 
edge of diffuser vane, ft/s. ^ 

Mach numbers at design operating point 
Compressor First stage Second stage 

Mx Mz My Ma Mx Mi My 



Ma 

Ausdn 0-599 0-481 0*844 0-778 0-424 0-374 0-637 0^ 
Rolls- 

Royce 0-890 0-760 0-858 0-822 0-541 0-474 0-652 0-625 
Mx Eye-dp relative Mach No.; Mz £ye-dp tangential Mach 
No.; My Impeller t^ Mach No.; Ma DiSuser inlet Mach No. 



Design parameters 



R dzldy 
3-0 0-582 
3-5 0-588 

^ =3 vi/tt. Flow function; R Pressure ratio; « Mass flow rate, Ib/s; 
if Impdler dp speed, ft/s. 



30 hp compressor 
250 hp compressor 



0-266 
0-292 



m 

0-87 
4-7 



Design parameters 
Compressor 



First stage 
* R dzldy 
Ausdn 0-355 2-466 0-479 

Rolls-Royce 0-365 3-380 0-604 
^ Flow function, oi/u; R Stage pressiize ratio; m Mass flow rate, 
Ib/s. 



Second stage 
^ R dzldy 
0-274 1-622 0-512 
0-310 1-805 0-562 



Heat exchangers for the 250 hp and 30 hp fas turbine engine 

Design specifications- 





250 hp cross-flow 


250 hp contra-flow 


30 hp 001 


itra-flow 


Air-side 


Gas-side 


Matrix passages 
Air Gas 


Side ducts 
Air Gas 


Air 


Gas C 


Fin thickness, in. 

Plate thickness, in. 

Hdght between plates, in. . 

Hydrav . Ic diameter, in. 

Fin pitch, fins/in. 

Ratio of flow area/fiontal area 

Total wetted s\u£ace area, ft' 

Number of passages . 

Passage length, in. 

Passage width, in. 

Flow area, ft^ . 

Height of matrix, in. . 

Wdght of matrix, lb . 

Pressure drop, Ib/in^ . 

Pressxire drop, per cent 

Pressure drop, per cent (Total] 
Thermal ratio 


0-004 
0-008 
0052 
0-0343 
24 
0-202 
1062 

46 

11-6 
9-05 
0-790 

600 
389 

0- 69 

1- 34 


0-004 
0-008 
0-150 
0-054 

0-6 

2005 
46 
9-35 
11-30 
2-900 
(10 in-/unit) 
(64-9 lb/unit) 
0-304 
2-07 


0-004 
0*008 
0-100 
0-038 
32 
0-794 
1648 
137 138 
6-5 
29-2 
2-39 
29-7 
666 

0-189 0-48 
0-37 3-20 


0-004 

0008 

0-100 

0-137 

3-85 

0-877 
463 
137 138 
13-0 6-75 
13-5 26-0 
1-22 2-35 
29-7 

Induded in 
nutrix 


0-006 
0010 
0-072 
0050 
16 

114-1 
33 
10 

0142 
9-65 

0- 6 

1- 36 


0-006 
0-010 
0-210 
0-0966 
13 

208-2 
32 
11-9 

0-423 
9-65 

0- 2 

1- 33 


3-41 
0-74 


3-57 
0-84 


2-69 
0-68 
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LNG Fuel System 

• Development in advanced stage 

• No application for HEV 



Power Controller 

• Capable of handling 1.1 Megawatts of elertricity — 
the most of any hybrid powertrain controller yet 
developed 

• Potential future applications in Chrysler HEV program 



Flywheel 

• Major issues remain on aash energy 
containment packaging, and cost 

• Shelved for the near-term. Development 
specialist firms will continue 




Patriot race car spawned 
valuable cutting-edge 
technology and over 60 
patents In just three years 
of development. Program 
suppliers elude to an 
unconfirmed "bargain" 
$33 million Investment. 



. TUrbo-Altemator 

• IssMes remain on turbine wheel 
reliability, cost. More development . ^ 
needed 

• Shelved for the near-term. 
No immediate HEV application . 



'Araction Motor t 



• Tested on Chrysler dyno since late 1994: 
Integration testing begun with Power Controller 

• Potential future application in Chrysler HEV 
program 




^NF for Patriot ^^^"^ 

Chrysler transfers Patriot technologies to its Hybrid Electric Vehicle (HEV) program. 



No one could accuse 
Chrysler of "aiming too 
low" in 1993, when it 
began plans for a 200+ 
mph flywheel/tui'bo al- 
ternator hybrid race car. 
Dubbed "Patriot," the vehicle proceeded 
on the challenging premise that the 
breakthrough technologies needed to 
make it viable, would happen on-sched- 
i Je, and function as planned. 

Last month, Chrysler pulled the plug 
on Patriot. 

According to Tom Kizer, executive 
engineer-Liberty, two important tech- 
nologies held the program back. The first 
is a reliable, ceramic tiu'bine-wheel, 
wliich he says "is as far from reality 
today as it was when the project started." 
And the second is the durability and 
safety fispects of the flywheel, wliich VP- 
engineering Francois Castaing attributes 
Chrysler "setting the biw so high in 
. c-nns of energy-density." 

However, key components of Patriot, 
as well as some 60 patented technologies 



will transfer to Chrysler's HEV program. 

One example is Patriot's traction 
motor, which spent over a year on the 
dyno. Tested to about 55% of design 
capability, its unique architecture and 
cooling method give it outstanding per- 
formance characteristics. Kizer says if 
this design were equal in weight to his 
company's NS electric minivan induction 
motor, performance would improve by a 
factor of four. 

Additionally, Patriot's power controller 
combines Insulated Gate Bipolar Tran- 
sistors (IGBTs) with new materials that 
let the less-thari-five-ounce modules car- 
ry 600 amps at up to 1,700 volts. Con- 
ventional modules are seven times heav- 
ier. Creative packaging of the modules in 
a "window frame" construction also al- 
lows coolant to bleed off 80 kW of waste 
heat for reliable operation. 

Even a new DC busbai* contributes to 
a smaller, lighter, cooler electronics pack- 
age. It offei-s 1 ,000 amp capacity in a sev- 
en poimd three ounce unit. A commer- 
cial 1 ,000 amp busbar weighs 70 lbs! 



These and many more Patriot-in- 
spired technologies will surface in Chry- 
sler's "series-diesel hybrid" program 
headed by Steve Speth. According to 
Speth, Detroit Diesel is already signed on 
to supply a 40-60 hp, lightweight, direct- 
injection diesel. TRW will provide elec- 
tronic power steering, ITT has electric 
brakes and JCl/Bolder supplies spiral- 
wound lead acid batteries. 

The HEV program timing is about 
four years, with Catia packaging woik in 
progress now throu^ fall. At that point, 
component type and size will be spec'd. 
About July '97, design and procurement 
of Generation 1 pajls begins, which will 
be built into an aluininum-intensive 
Neon. From there, dyno work begins to 
correlate simulations, leading to Gen- 
eration 2 parts in June 1998. Tliose parts 
\^^ll represent what Chrysler thinks it can 
put into production veliicles 10-15 yeiu-s 
clo^Ti the road. 

Patriot's cormibulion? Chrysler tliinks 
it inay have shaved a year to 18 montlis 
off the HEV timeline. AI 
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